Few epidemiological data exist regarding the correlation of anatomic measures of diabetic retinopathy and nephropathy, especially early in the disease processes. The aim of this study was to examine the association of severity of diabetic retinopathy with histological measures of diabetic nephropathy in normoalbuminuric patients with type 1 diabetes. The study included participants (n ‫؍‬ 285) in the Renin-Angiotensin System Study (RASS; a multicenter diabetic nephropathy primary prevention trial) who were aged >16 years and had 2-20 years of type 1 diabetes with normal baseline renal function measures. Albumin excretion rate (AER), blood pressure, serum creatinine, and glomerular filtration rate (GFR) were measured using standardized protocols. Diabetic retinopathy was determined by masked grading of 30°color stereoscopic fundus photographs of seven standard fields using the Early Treatment Diabetic Retinopathy Study (ETDRS) severity scale. Baseline renal structural parameters, e.g., fraction of the glomerulus occupied by the mesangium or mesangial fractional volume [Vv(Mes/glom)] and glomerular basement membrane width, were assessed by masked electron microscopic morphometric analyses of research percutaneous renal biopsies. No retinopathy was present in 36%, mild nonproliferative diabetic retinopathy in 53%, moderate to severe nonproliferative diabetic retinopathy in 9%, and proliferative diabetic retinopathy in 2% of the cohort. Retinopathy was not related to AER, blood pressure, serum creatinine, or GFR. All renal anatomical end points were associated with increasing severity of diabetic retinopathy, while controlling for other risk factors. These data demonstrate a significant association between diabetic retinopathy and preclinical morphologic changes of diabetic nephropathy in type 1 diabetic patients. Diabetes 54: 527-533, 2005 
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RESEARCH DESIGN AND METHODS
The Renin-Angiotensin System Study (RASS) is a parallel, double-blind, placebo-controlled, multicenter, primary prevention clinical trial of diabetic nephropathy conducted at three clinical centers in Minneapolis, Minnesota, and Montreal and Toronto, Canada. The study design and cohort description have been detailed elsewhere (11) . All data were collected with institutional review board approval in conformity with all federal and state laws, and the study was in adherence to the tenets of the Declaration of Helsinki as revised in 1983. Informed consent was obtained. Subjects were aged Ն16 years with 2-20 years of type 1 diabetes and onset before their 45th birthday. All were normotensive, normoalbuminuric (albumin excretion rate [AER] Ͻ20 g/min on at least two of three timed overnight urine collections), and with a normal or increased glomerular filtration rate (GFR; Ն90 ml ⅐ min Ϫ1 ⅐ 1.73 m Ϫ2 ). A total of 285 subjects were randomized into one of the following three treatment groups: losartan (an angiotensin II blocker), enalapril (an ACE inhibitor), or placebo (11) .
Pertinent parts of the baseline examination included measurement of blood pressure, with the participant in the seated position after resting for 5 min, using an automated blood pressure device (vital signs monitor 18465X; DinaMap). Height and weight were measured according to standard anthropometric procedures. Pupils were dilated, and 30°color stereoscopic fundus photographs were taken of the seven standard fields, as defined in the Early Treatment Diabetic Retinopathy Study (ETDRS) protocol (12) . The photographs were graded in a masked fashion by the University of Wisconsin Ocular Epidemiology Reading Center using the modified Airlie House classification scheme and the ETDRS retinopathy severity scale. Grading protocols have been described in detail elsewhere (12, 13) . For each eye, the maximum grade in any of the seven standard photographic fields was determined for each of the lesions and used to define the following "retinopathy levels" (14 -16).
• Level 10: No retinopathy.
• Level 21: Microaneurysms only or retinal hemorrhages or soft exudates in the absence of microaneurysms.
• Level 31: Microaneurysms and one or more of the following: venous loops Ն31 m; questionable soft exudate, intraretinal microvascular abnormalities, or venous beading; or retinal hemorrhage.
• Level 37: Microaneurysms and one or more of the following: hard exudate or soft exudate.
• Level 43: Microaneurysms and one or more of the following: hemorrhages/ microaneurysms equaling or exceeding those in standard photo one in four or five fields, hemorrhages/microaneurysms equaling or exceeding those in standard photo 2A in one field, and intraretinal microvascular abnormalities in one to three fields.
• Level 47: Microaneurysms and one or more of the following: both intraretinal microvascular abnormalities and hemorrhage/microaneurysm characteristics from level 43, intraretinal microvascular abnormalities in four or five fields, hemorrhages/microaneurysms equaling or exceeding those in standard photo 2A in two or three fields, or venous beading in one field.
• Level 53: Microaneurysms and one or more of the following: any two or three characteristics from level 47, hemorrhages/microaneurysms equaling or exceeding those in standard photo 2A in four or five fields, intraretinal microvascular abnormalities equaling or exceeding those in standard photo 8A, or venous beading in two or more fields.
• Level 60: Fibrous proliferations only.
• Level 61: No evidence of levels 60 or 65, but scars of photocoagulation either in "scatter" or confluent patches, presumably directed at new vessels.
• Level 65: Proliferative diabetic retinopathy less than Diabetic Retinopathy Study high-risk characteristics, with lesions as follows: new vessels elsewhere, new vessels on or within one disc diameter of the disc graded less than standard photo 10A, or preretinal or vitreous hemorrhage less than one disc area.
• Level 71: Diabetic Retinopathy Study high-risk characteristics, with lesions as follows: vitreous and/or preretinal hemorrhage equaling or exceeding one disc area, new vessels elsewhere equaling or exceeding one-half disc area with vitreous hemorrhage and/or preretinal hemorrhage, new vessels on or within one disc diameter less than standard photo 10A with vitreous hemorrhage and/or preretinal hemorrhage, or new vessels on or within one disc diameter equaling or exceeding standard photo 10A.
• Level 75: Advanced proliferative diabetic retinopathy, with lesions as follows: new vessels on or within one disc diameter equaling or exceeding standard photo 10A with vitreous hemorrhage and/or preretinal hemorrhage.
• Level 85: End-stage proliferative diabetic retinopathy, with lesions as follows: macula obscured by vitreous hemorrhage and/or preretinal hemorrhage, retinal detachment at center of macula, phthisis bulbi, or enucleation secondary to complications of diabetic retinopathy.
For purposes of classification, if the retinopathy severity could not be graded in an eye, it was considered to have a score equivalent to that in the other eye. Retinopathy severity was further divided into four levels: none (level 10), early nonproliferative diabetic retinopathy (levels 21-37), moderate to severe nonproliferative diabetic retinopathy (levels 43-53), and proliferative retinopathy (levels 60 -85). The retinopathy grade based on the more advanced eye was used in the analyses.
GFR was estimated at baseline by plasma clearance of nonradioactive iohexol (Omnipaque 300; Shearing). We injected 5 ml iohexol solution intravenously over 2 min, and blood samples were taken from the contralateral arm at 120, 150, 180, 210, and 240 min (Ϯ15 min) (17, 18) . Plasma was stored at Ϫ20°C for high-performance liquid chromatography determination of iohexol concentration. Plasma clearance of iohexol was calculated using standardized procedures (17) . The AER was measured in timed overnight Data are means Ϯ SD, unless otherwise noted. *Except for AER, where n ϭ 251.
urine collections using a sensitive fluorescence immunoassay (19) . The results were expressed in g/min. Normoalbuminuria was defined as having at least two of three readings of AER being Ͻ20 g/min. HbA 1c was measured by high-performance liquid chromatography (Diamat HbA 1c analyzer; BioRad, Hercules, CA) using methods utilized by the Diabetes Control and Complications Trial within 3 weeks before kidney biopsy and randomization (20) . Baseline percutaneous renal biopsies were obtained within 6 months before randomization using Franklin-modified Vim-Silverman, Biopty, or Truecut needles. Electron microscopic tissue was fixed in 2.5% glutaraldehyde. After postfixation and embedding, thick sections (1 m) were stained to select the center-most intact glomerulus in the block for electron microscopy. Ultrathin sections (50 -70 nm) were stained with saturated uranyl acetate and lead citrate. Electron microscopic digital images were obtained and stored as TIFF (tagged image file format) files. Adobe Photoshop 6.0 software was used to build montages from the digital images and to superimpose counting grids over the images. An image calibration grid (2,160 lines/mm) was obtained at the beginning of each microscopy session (5) . After the center-most glomerulus in a block was randomly entered, 10 -20 evenly spaced digital images representing an unbiased systematic sample of ϳ30% of the glomerular profile was obtained at ϫ11,000 for measurement of glomerular basement membrane (GBM) width (5,21-23) and mesangial composition (5, 24) . Images taken at A glomerulopathy index was computed using the formula described by Rudberg et al. (26) : glomerulopathy index ϭ GBM width/10 ϩ [Vv(MM/ glom) ϫ 100].
Renal anatomical end points, except Sv(PGBM), were categorized as being normal or abnormal according to whether they were Ͼ2 SD above the means of a group of age-and sex-matched nondiabetic control subjects. Abnormal Sv(PGBM) was defined as Ͻ2 SD below the mean of the control group.
Statistics. Statistical analyses were conducted using SAS version 8. Means were compared for statistically significant differences by t test and ANOVA when two or more than two groups, respectively, were involved. Multivariable associations between renal anatomic characteristics and diabetic retinopathy and other independent variables such as age, sex, duration of diabetes, HbA 1c , blood pressure, body mass, white blood cell count, and serum potassium were explored by multiple linear regression. Univariate relationships between renal anatomic characteristics defined as normal or abnormal and diabetic retinopathy were evaluated by the Mantel-Haenszel test of trend (27) . Similarly, multivariable relationships, where other independent variables were included, were evaluated by logistic regression.
RESULTS
Of the 285 participants, 1 had insufficient glomeruli for morphometric measurements, 32 had renal biopsy data without gradable fundus photographs, and 252 had both gradable fundus photographs and biopsy data. Subjects with gradable fundus photographs were older than those without gradable fundus photographs (P ϭ 0.002); otherwise, there were no statistically significant differences between groups for other characteristics (Table 1) .
No diabetic retinopathy was present in 35%, mild nonproliferative diabetic retinopathy in 54%, moderate to severe nonproliferative diabetic retinopathy in 9%, and proliferative retinopathy in 2% of the cohort. The prevalence and severity of retinopathy were associated with longer duration of diabetes ( Fig. 1) and higher HbA 1c level (Fig. 2) . Age, sex, BMI, white blood cell count, and serum 
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potassium levels were not associated with diabetic retinopathy severity.
Diabetic retinopathy severity was not associated with resting mean blood pressure (Table 2) or systolic and diastolic blood pressure, AER, serum creatinine, or GFR (Table 2 ). Diabetic retinopathy severity was significantly related to each of the renal anatomical end points (Table 2 and Fig. 3 ). While controlling for other risk factors, including age, diabetes duration, sex, HbA 1c , mean blood pressure, and BMI, the association of retinopathy severity with all renal end points other than Vv(MC/glom) and surface density of peripheral capillary GBM per glomerulus [Sv(PGBM/glom)] remained (Table 3) .
Univariate analyses showed retinopathy severity to be associated with most renal anatomical end points categorized as being abnormal (Table 4) . However, while controlling for HbA 1c levels and duration of diabetes, only the associations of retinopathy severity with abnormalities in GBM width and glomerulopathy index values remained statistically significant, while the association with Vv(MC/ glom) values was of borderline statistical significance ( Table 5 ). Removal of HbA 1c from the multivariate analyses did not change these relationships.
DISCUSSION
RASS provides unique data regarding the association of retinopathy severity with morphologically evaluated preclinical nephropathy in patients with type 1 diabetes. The study uses standardized protocols both for measurement (including objective recording and grading of diabetic retinopathy using stereoscopic fundus photographs of seven standard fields) and for quantitation of glomerular structure, using digitized electronic microscopic morphometric analysis of renal biopsy specimens (5, 6, (12) (13) (14) (15) (16) (21) (22) (23) (24) (25) .
Previous attempts to correlate diabetic retinal with renal changes have been conducted in patients with severe manifestations of these complications (7, 8, 10, 28) . Thickening of basement membrane in both retinal and glomerular capillary vessels has been shown in late stages of diabetic retinopathy and nephropathy (9) . In 86 patients with type 1 diabetes with more severe disease who were being evaluated for pancreatic transplant alone, all subjects had retinopathy, 70% (60 of 86) of whom had proliferative retinopathy, and 73% (63 of 86) had clinical nephropathy, defined as persistent microalbuminuria or overt proteinuria but without advanced renal insufficiency (GFR Ն102 Ϯ 30 ml ⅐ min Ϫ1 ⅐ 1.73 m Ϫ2 ) (2). More severe retinopathy was associated with advanced nephropathy, as defined by increased mesangial fractional volume and decreased peripheral GBM surface density. However, in the few subjects without clinical nephropathy or with minimal microalbuminuria, there was marked discordance between measures of retinopathy and anatomical measures of nephropathy. However, patients with more severe nonrenal complications, such as retinopathy, may have self-selected to be considered for pancreas transplantation alone.
Fewer data exist regarding the relation of retinopathy to anatomic renal changes before the onset of clinical nephropathy. In the present study, with a more robust sample and with a selection of individuals with no clinical nephropathy, we observed less discordance between retinopathy severity and anatomic measures of nephropathy. The associations by multivariate analysis between retinopathy and the structural manifestations of nephropathy were stronger when renal structural measures were used as continuous rather than dichotomous variables (normal or abnormal defined as Ͼ2 SDs from the normal mean). This may be because there are wide normal ranges for these renal structural measures (21) , so that early on in the disease process, some diabetic patients may be developing renal lesions, but starting from relatively low normal values, they may still be in the normal range at the time of their baseline biopsy (29) . Also, relationships of retinopathy and GBM width may have been stronger than with mesangial variables because of the different influences of diabetes duration on these two glomerular structural variables. Thus, GBM width increases appear linear with duration, whereas there is little increase in mesangial fractional volume in the first 10 -15 years of type 1 diabetes and a more rapid mesangial functional volume increase thereafter (30) . Given the mean diabetes duration of 11.6 Ϯ 4.7 years in the present study cohort, the stronger association with GBM width would be expected. Data from the end of RASS may shed further light on this.
Although less discordance was observed in the current study than in previous studies of patients with more severe disease (7, 8, 10, 28) , nearly 50% of the subjects without signs of diabetic retinopathy still had an increased glomerulopathy index. This finding may be because retinopathy was detected by grading of gross anatomic changes seen on stereoscopic fundus photographs, whereas the glomerulopathy index was based on electron microscopic detection of renal changes. Nonetheless, the strong associations between retinopathy findings and renal biopsy measures could be useful in assessing renal risk in patients with type 1 diabetes. Thus, patients who are normoalbuminuric, despite longstanding type 1 diabetes, are still at risk of progression to microalbuminuria. A number of variables, including baseline AER (5, 31, 32) , HbA 1c values (32) , increased GFR (31), male sex (32), mean arterial clinic blood pressure (32) , ambulatory blood pressure measures (31, 33) , and ambulatory blood pressure nondipper status (33) have been associated with increased risk of progression from normoto microalbuminuria. Because microalbuminuric patients have worse nephropathy lesions, on average, than normoalbuminuric patients (5, 6, 34) , the above-listed variables are likely predictive of both increasing AER and renal lesions. The present cross-sectional study suggests that retinopathy findings may also serve this predictive role, but a firm conclusion must await longitudinal study of the RASS cohort. In RASS, we have the unique advantage of prospectively evaluating the relationship of retinopathy status and subsequent changes in renal morphology because all patients will undergo an end-of-study renal biopsy as well as retinal fundus photography. Studies have shown that there is overlap between glomerular structural parameters and albuminuria categories (normoalbuminuria, microalbuminuria, and proteinuria) among patients with long-standing type 1 diabetes (5,6). Moreover, normoalbuminuric patients with Ͼ15 years of type 1 diabetes may progress to microalbuminuria or proteinuria over the subsequent 10 years of follow-up, and similar outcomes have been seen in patients with ϳ10 years' duration of type 2 diabetes (35, 36) . GBM width is greater in microalbuminuric type 1 diabetic patients that progress to proteinuria compared with those who do not (37) . Whether glomerular structural characteristics or AER is a more precise predictor of diabetic nephropathy risk, whether the combination is more helpful than either alone, and whether retinopathy status could help in this prediction remains to be determined. Retinopathy, however, was not related to AER in our study. This was not surprising because others have found no correlation between retinopathy severity and urinary albumin excretion in normoalbuminuric patients with type 1 diabetes (38) . In summary, we found cross-sectional associations of retinopathy severity with renal anatomic measures in type 1 diabetic normotensive patients with preclinical nephropathy. The associations of these measures over time may provide further understanding of the relationship of the pathophysiological events responsible for these very common microvascular complications. Data are odds ratio (95% CI). The no retinopathy group (n ϭ 89) is the reference group for the odds ratios. NPDR, nonproliferative diabetic retinopathy; PDR, proliferative diabetic retinopathy.
